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T

he mechanisms and extent of virus dispersal are often unclear.
Given the importance of viruses in maintaining microbial diversity and recycling nutrients on a global scale (1) and causing
disease (2), understanding virus distribution is essential. However, it is not clear whether virus species are cosmopolitan (3) or
display regional endemism (4–8). Interestingly, local hot spring
virus dispersal can result from aerosolization by fumaroles (8),
indicating at least one possible host-independent dispersal mechanism.
Stratospheric winds are capable of carrying bacteria and fungi
from the Sahara Desert as far as the Caribbean Sea (9, 10). However, a critically limiting factor for wind-borne virus spread is the
ability of the virus to resist drying; most viruses are highly sensitive
to desiccation (for examples, see references 11 to 13). However, if
viruses could be reversibly coated in a protective coat in addition
to their capsid, they could potentially spread very widely. Silica
coating is a particularly attractive possibility, since in hot spring
environments, viruses can be coated with silica (14, 15). However,
the effect of silicification on virus infectivity was not known.
Therefore, we tested both enveloped and unenveloped viruses
for their susceptibility and response to silicification. Viruses
tested included bacteriophage T4 (16), bacteriophage PRD1
(17), the archaeal virus Sulfolobus spindle-shaped virus Kamchatka (SSV-K) (18), and vaccinia virus (VACV) (19).
Bacteriophage T4, PRD1, SSV-K, and VACV were propagated
in host cell cultures using Escherichia coli B, Salmonella enterica
serovar Typhimurium LT2, Sulfolobus solfataricus strain G⍜, and
murine BSC-1 cells, respectively. After growth, cell debris was removed. The resulting viruses were mixed with freshly prepared
pH 7.0 to 7.1 sodium metasilicate solution in either 10 mM sodium bicarbonate–5 mM magnesium chloride for bacteriophage
T4, PRD1, and SSV-K or Dulbecco’s phosphate-buffered saline
for VACV to final silica concentrations of 0, 5, and 10 mM (0, 300,
and 600 ppm). Solutions were placed in dialysis tubing in a reservoir of the same buffer and silica concentration. The bathing solution was replaced daily. Samples were withdrawn immediately
and on days 1, 3, 8, and 10. The virus titer was determined in
triplicate by plaque assay. On day 10, aliquots were diluted 1:10
with a 0-ppm silica solution. Plaque assays were performed with
these diluted samples on days 12, 14, 16, and 20. On day 10, aliquots were also removed for desiccation tests. Initial drying (except for VACV) was performed with a vacuum concentrator at
4°C and 13 mbar for 4 h. Samples were then desiccated at a pres-
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sure of 250 to 300 mbar for 10, 30, and 90 days. Vaccinia virus was
air-dried in a biosafety cabinet. Desiccated virus samples were
rehydrated with a 0-ppm silica solution. Titers were determined at
1 h and at 10 days after rehydration.
Treatment of viruses in silica solutions had a variable effect on
virus infectivity (Fig. 1). Treatment of bacteriophage T4 with silica
at 600 ppm (10 mM) caused a loss of infectivity of up to three
orders of magnitude (Fig. 1). Effects were less in 300-ppm silica
solutions. In contrast, bacteriophage PRD1 was insensitive to silica treatment. The archaeal fusellovirus SSV-K, which is indigenous to high-silica hot spring environments, had an intermediate
degree of silica-induced inactivation (Fig. 1). Vaccinia virus responded similarly to bacteriophage T4 to silica treatment (Fig. 1).
In summary, bacteriophage T4, the archaeal virus SSV-K, and the
animal virus VACV can be inactivated at silica concentrations
similar to those found in terrestrial hot springs (20–22). Based on
previous silicification studies with bacteria, archaea (23, 24), and
viruses (14, 15), infectivity loss on silicification is not unexpected.
However, even in supersaturated silica solutions (600 ppm), different viruses were not equally affected (Fig. 1). These data
strongly suggest that virus surface characteristics significantly impact silica deposition and thereby their susceptibility to inactivation. Bacteriophage T4, PRD1, and SSV-K have protein capsids
(16–18) but have quite different inactivation profiles (Fig. 1). Inactivation of the enveloped virus VACV by silica exposure was
similar in magnitude to that of bacteriophage T4, but more rapid
(Fig. 1). SSV-K, which is endemic to high silica environments,
may be resistant to silicification.
Viruses inactivated by silicification could be reactivated merely
by lowering the external silica concentration to below saturation.
Following 10 days of silica exposure, both bacteriophage T4 and
SSV-K regained infectivity to at least 10% of the initial titer (Fig.
1). Similarly, silicified VACV recovered slightly over 5% of its
original infectivity. However, when the 600-ppm silica treatment
is compared to the control, VACV demonstrated a nearly 400-fold
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Long-distance host-independent virus dispersal is poorly understood, especially for viruses found in isolated ecosystems. To
demonstrate a possible dispersal mechanism, we show that bacteriophage T4, archaeal virus Sulfolobus spindle-shaped virus
Kamchatka, and vaccinia virus are reversibly inactivated by mineralization in silica under conditions similar to volcanic hot
springs. In contrast, bacteriophage PRD1 is not silicified. Moreover, silicification provides viruses with remarkable desiccation
resistance, which could allow extensive aerial dispersal.
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(triangles), and VACV (stars), normalized to initial infectivity. Black symbols, 600-ppm (10 mM) silica solution; gray symbols, 300-ppm (5 mM) silica solution;
white symbols, control (0-ppm silica solution). The vertical black arrow indicates the transfer to a low external concentration of silica. All plaque assays were
performed in triplicate with triplicate biological replicates, except for VACV, which had only a single biological replicate. Error bars are obscured by data point
symbols.

increase in titer compared to that after 10 days of silica exposure.
Beyond showing that the effect of silicification on infectivity is at
least partially reversible, these results support the hypothesis that
the effect on infectivity was due to the silica coating rather than a
physical or chemical damage, which would have led to an irreversible loss of infectivity.
Silicified bacteriophage T4 and the archaeal virus SSV-K have
greatly enhanced resistance to desiccation compared to unsilicified virus under conditions similar to stratospheric pressures and
dryness. Silicified bacteriophage T4 had detectable infectivity after
up to 30 days of desiccation (Fig. 2), whereas unsilicified viruses
lost more than seven orders of magnitude of infectivity. SSV-K
was similarly protected by silicification, but to a lesser extent than
bacteriophage T4 (Fig. 2). SSV-K, however, has a lower starting
titer than that of bacteriophage T4, limiting the ability to compare
their desiccation resistance levels at later times. Desiccation protection was not absolute, however, as bacteriophage T4 lost more
than seven orders of magnitude of titer after 90 days of desicca-

tion. Only VACV—well-known for its innate desiccation resistance— had any infectivity after desiccation. The infectivity of unsilicified VACV dropped three orders of magnitude after
desiccation (1.4 ⫻ 108 PFU/ml to 2.1 ⫻ 105 PFU/ml), consistent
with previous data (25), while the silicified VACV dropped four
orders of magnitude (1.4 ⫻ 108 PFU/ml to 1.6 ⫻ 104 PFU/ml).
The additional loss of infectivity for the silicified VACV may be the
result of damage during silicification. These desiccation results
indicate that, for at least some viruses, silicification may provide
protection from the effects of drying, thus allowing the viruses to
persist for days to weeks under stratospheric pressure and humidity, which may in turn allow global dispersal (10). These data
potentially explain some of the conflicting results of virus distribution (3–7). This is particularly true for silicified hot spring viruses that could be aerosolized by fumarole outgassing or dispersed by volcanic activity (6, 8). Responses of silicified viruses to
other conditions remain to be tested.
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FIG 2 Silicified viruses are resistant to desiccation. Effect of silicification on
infectivity of silicifiable viruses after desiccation (VACV data shown in text),
normalized to the initial infectivity. White bars, infectivity after 10 days of
silicification; crosshatched bars, infectivity after 10 days of desiccation and 10
days of rehydration; black bars, infectivity after 30 days of desiccation and 10
days of rehydration.

13928

jvi.asm.org

1. Suttle CA. 2007. Marine viruses: major players in the global ecosystem.
Nat. Rev. Microbiol. 5:801– 812.
2. Peterson AT. 2008. Biogeography of diseases: a framework for analysis.
Naturwissenschaften 95:483– 491.
3. Breitbart M, Rohwer F. 2005. Here a virus, there a virus, everywhere the
same virus? Trends Microbiol. 13:278 –284.
4. Angly FE, Felts B, Breitbart M, Salamon P, Edwards RA, Carlson C,
Chan AM, Haynes M, Kelley S, Liu H, Mahaffy JM, Mueller JE, Nulton
J, Olson R, Parsons R, Rayhawk S, Suttle CA, Rohwer F. 2006. The
marine viromes of four oceanic regions. PLoS Biol. 4:e368. doi:10.1371
/journal.pbio.0040368.
5. Breitbart M, Miyake JH, Rohwer F. 2004. Global distribution of nearly
identical phage-encoded DNA sequences. FEMS Microbiol. Lett. 236:
249 –256.

Journal of Virology

Downloaded from http://jvi.asm.org/ on December 5, 2013 by PORTLAND STATE UNIV

FIG 1 Reversible inactivation of viruses by silica treatment. Effect of silicification on infectivity of bacteriophage T4 (diamonds), SSV-K (squares), PRD1

Preparation and Resuscitation of Siliciﬁed Viruses

December 2013 Volume 87 Number 24

17. Bamford DH, Caldentey J, Bamford JKH. 1995. Bacteriophage PRD1: a
broad-host-range dsDNA Tectivirus with an internal membrane. Adv.
Virus Res. 45:281–319.
18. Wiedenheft B, Stedman K, Roberto F, Willits D, Gleske AK, Zoeller L,
Snyder J, Douglas T, Young M. 2004. Comparative genomic analysis of
hyperthermophilic archaeal Fuselloviridae viruses. J. Virol. 78:1954 –1961.
19. Smith GL, Vanderplasschen A, Law M. 2002. The formation and function of extracellular enveloped vaccinia virus. J. Gen. Virol. 83:2915–2931.
20. Ball JW, McCleskey RB, Nordstrom DK, Holloway JM, Verplanck PL.
2002. Water-chemistry data for selected springs, geysers, and streams in Yellowstone National Park, Wyoming, 1999-2000. Open-file report 02-382. U.S.
Department of the Interior, U.S. Geological Survey, Boulder, CO.
21. McCleskey RB, Ball JW, Nordstrom DK, Holloway JM, Taylor HE.
2004. Water-chemistry data for selected hot springs, geysers, and streams
in Yellowstone National Park, Wyoming, 2001-2002. Open-file report
2004-1316. U.S. Department of the Interior, U.S. Geological Survey, Boulder, CO.
22. White DE, Brannock WW, Murata KJ. 1956. Silica in hot-spring waters.
Geochim. Cosmochim. Acta 10:27–59.
23. Benning LG, Phoenix VR, Yee N, Konhauser KO. 2004. The dynamics of
cyanobacterial silicification: an infrared micro-spectroscopic investigation. Geochim. Cosmochim. Acta 68:743–757.
24. Orange F, Westall F, Disnar JR, Prieur D, Bienvenu N, Leromancer M,
Defarge C. 2009. Experimental silicification of the extremophilic Archaea
Pyrococcus abyssi and Methanocaldococcus jannaschii: applications in the
search for evidence of life in early Earth and extraterrestrial rocks. Geobiology 7:403– 418.
25. Collier L. 1954. The preservation of vaccinia virus. Bacteriol. Rev. 18:74 – 86.

jvi.asm.org 13929

Downloaded from http://jvi.asm.org/ on December 5, 2013 by PORTLAND STATE UNIV

6. Held NL, Whitaker RJ. 2009. Viral biogeography revealed by signatures
in Sulfolobus islandicus genomes. Environ. Microbiol. 11:457– 466.
7. Short CM, Suttle CA. 2005. Nearly identical bacteriophage structural
gene sequences are widely distributed in both marine and freshwater environments. Appl. Environ. Microbiol. 71:480 – 486.
8. Snyder JC, Wiedenheft B, Lavin M, Roberto FF, Spuhler J, Ortmann
AC, Douglas T, Young M. 2007. Virus movement maintains local virus
population diversity. Proc. Natl. Acad. Sci. U. S. A. 104:19102–19107.
9. Prospero JM, Blades E, Mathison G, Naidu R. 2005. Interhemispheric
transport of viable fungi and bacteria from Africa to the Caribbean with
soil dust. Aerobiologia 21:1–19.
10. Smith DJ, Griffin DW, Schuerger AC. 2010. Stratospheric microbiology
at 20 km over the Pacific Ocean. Aerobiologia 26:35– 46.
11. Ding DC, Chang YC, Liu HW, Chu TY. 2011. Long-term persistence of
human papillomavirus in environments. Gynecol. Oncol. 121:148 –151.
12. Fogarty R, Halpin K, Hyatt AD, Daszak P, Mungall BA. 2008. Henipavirus susceptibility to environmental variables. Virus Res. 132:140 –144.
13. Nakano H, Hiraoka M, Sameshima M, Kimura T, Momoyama K. 1998.
Inactivation of penaeid rod-shaped DNA virus (PRDV), the causative
agent of penaeid acute viremia (PAV), by some chemical and physical
treatments. Fish Pathol. 33:65–71.
14. Laidler JR, Stedman KM. 2010. Virus silicification under simulated hot
spring conditions. Astrobiology 10:569 –576.
15. Orange F, Chabin A, Gorlas A, Lucas-Staat S, Geslin C, Le Romancer
M, Prangishvili D, Forterre P, Westall F. 2011. Experimental fossilisation of viruses from extremophilic Archaea. Biogeosciences 8:1465–1475.
16. Karam JD, Drake JW, Kreuzer KN, Mosig G, Hall DH, Eiserling FA,
Black LW, Spicer EK, Kutter E, Carlson K, Miller ES (ed). 1994.
Molecular biology of bacteriophage T4. ASM Press, Washington, DC.

